. 2019. Conifer responses to a stylet-feeding invasive herbivore and induction with methyl jasmonate: impact on the expression of induced defences and a native folivore. Agricultural and Forest Entomology 21(2): 227-234. 2. We explored the potential for HWA infestation to interfere with anti-folivore induced 26 defense signaling and its implications for a native folivore (hemlock looper; Lambdina 27 fiscellaria). Hemlocks were infested with HWA and/or sprayed with methyl jasmonate 28 (MeJA); foliar defenses were analyzed and foliage quality for looper larvae was assessed. 29 3. Both treatments activated foliar defensive traits, including a HWA-mediated increase in 30 peroxidase activity and accumulation of cell wall-bound phenolics and lignin, and a 31
Introduction 42 43
Conifers (Pinaceae) often dominate temperate, alpine, and boreal forests in the northern 44
hemisphere (Ralph et al., 2006) . This family includes genera of major ecological and economic 45 importance such as pine (Pinus), spruce (Picae), hemlock (Tsuga), and fir (Abies), and the 46 ecological success of many conifer species is thought to be linked to their effective defenses 47 against natural enemies (Bonello et al., 2006; Krokene, 2015) . The energetic costs of these anti-48 herbivore responses make it important that plants be induced only when appropriate (Baldwin, 49 1998). In conifers, for example, the accumulation of terpene and phenolic metabolites induced by 50 bark beetle (Coleoptera: Curculionidae) attacks can substantially improve the likelihood of host 51 survival (e.g., Schiebe et al., 2012) . Aside from a few specific systems (e.g., the pine 52 processionary moth; Thaumetopoea pityocampa), most research addressing induced defense 53 responses in conifers has focused on pine and spruce interactions with bark beetles; less attention 54 has been paid to defense against other herbivorous insects ( Ralph et al., 2006; Eyles et al., 2010) . 55
When multiple herbivore species are present, the responses induced by one herbivore can 56 affect co-occurring species. There are multiple examples of herbivores from different feeding 57 guilds (e.g., leaf-chewing, stylet-feeding) indirectly affecting each other through their impact on 58 plant physiology (e.g., Soler et al., 2012) . The phytohormones jasmonic acid (JA) and salicylic 59 acid (SA) play a central role in these induced plant defenses. Chewing insects such as caterpillars 60 are generally thought to trigger the JA pathway, while stylet-feeding insects often elicit the SA 61 pathway (Morkunas et al., 2011) . Researchers have demonstrated positive interactions (cross-62 talk) and antagonism between these induced-response pathways that prevent plants from 63 responding simultaneously to SA-and JA-elicited challenges (e.g., Kroes et al., 2015) . However, 64 this research has mostly been conducted using herbaceous model plants such as Arabidopsis, 65 with co-occurring herbivores (e.g., folivores) of conifers via changes in host quality is also 89 limited. Mattson et al., (1989) reported that balsam twig aphid (Mindarus abietinus) density was 90 inversely correlated with the survival and development of spruce budworm (Choristoneura 91 fumiferana); Grégoire et al., (2015) found lower pupal weights in spruce budworm reared on 92 trees that were symptomatic of balsam woolly adelgid (Adelges piceae) infestation. The authors 93 of the latter paper hypothesized that this relationship reflected decreased foliar quality, although 94 they could not detect clear relationships between specific adelgid symptoms, foliar secondary 95 metabolites, and larval performance (Grégoire et al., 2014; Grégoire et al., 2015) . defenses in hemlock (e.g., Kroes et al., 2015) . 106
We present the results of research evaluating the ability of HWA to interfere with 107 standard induced defense signaling and expression (tested by applying methyl jasmonate [MeJA] 108 to plants with and without HWA) and assessing the plant-mediated impact of these treatments on 109 a native folivore, hemlock looper (looper; Lambdina fiscellaria). The goals of this study were to 110
(1) assess the impact of both SA-linked defenses via HWA infestation, and JA-linked defenses 111 via MeJA application, on the performance of a folivore, and to (2) determine whether HWA 112 infestation alters the expression of JA-linked defenses and affects the negative impacts of JA-113 linked defense induction on folivores. We hypothesized that JA-linked responses are more 114 appropriate anti-folivore defenses than SA-linked responses, and that HWA presence would 115 attenuate the negative effects of JA-linked responses on looper larvae and on the expression of 116 JA-linked defenses, presumably due to hormone signaling interference. 117
118

Materials and methods 119 120
Study System 121
Hemlock is a structurally-dominant and ecologically-important conifer endemic to eastern North 122 America, a "foundational species" that creates unique and critical habitat for many terrestrial and 123 aquatic species (Snyder et and contained both current-year foliage and foliage produced in past years. The APHIS permit 238 necessary to work with these larvae required that they be contained in a biological control 239 facility, and the potted plants used in these experiments were too large to bring into the facility 240 and be placed in environmental chambers. This necessitated the use of clipped foliage in jars 241 rather than larvae being directly placed on plants. Larvae were assigned randomly to jars as they 242 hatched until each jar contained six looper larvae. Each jar was covered with a fine white mesh 243 (0.5 mm; nylon) to allow ventilation but prevent escape. Jars were kept in the growth chamber, 244 changing their position daily within the growth chamber to account for possible microclimatic 245 differences. Each jar was cleaned weekly by adding a new stem section, replacing the floral 246 foam, and removing all waste from the jar. Foliage was never placed into jars within 48 hrs of 247 being sprayed with elicitor. 
Hemlock Foliar Defense Responses 269
Defensive/Antioxidant Enzyme Activities Adelgid infestation increased the activity of both POX 270 and CHI, but not LOX (Table 1) . Elicitor application increased the activity of CHI and LOX, but 271 not POX (Table 1) , and there was no significant HWA x elicitor interaction for any enzyme 272 activity (Table 1) . 273
274
Metabolites Adelgid infestation and MeJA application significantly impacted all classes of 275 soluble phenolics (Table 1) . HWA and MeJA both tended to have an additive effect on all 276 phenolic categories; the HWA x elicitor interaction was nonsignificant for all of the soluble 277 phenolic classes (Table 1) . HWA infestation increased the cell-wall-bound phenolic content of 278 foliage, but there was no effect of MeJA or the HWA x elicitor interaction (Table 1) . Adelgid-279 infested plants also contained more lignin, and although there was no main effect of MeJA, there 280 was an interactive effect between HWA infestation and MeJA application on lignin content 281 where MeJA application appeared to attenuate the HWA-caused increase in lignin. Methanol-282 soluble terpene content of foliage was not influenced by HWA infestation or elicitor treatment 283 with terpene content remaining constant between treatment combinations (P > 0.05 for all; Table  284 1). Lastly, needle H2O2 content was elevated by HWA infestation and decreased by MeJA, but 285 there was no significant interactive effect. The H2O2 content of foliage was highest in the 286 infested-control treatment and lowest in the uninfested-MeJA treatment (Table 1) Fig. 1A) , it did decrease weight at pupation (F1, 36 = 7.26, P = 0.0107; Fig. 1B) . 293
The HWA x elicitor interaction affected neither larval survival nor pupal weights (P > 0.05). 294
Time to pupation was not affected by any predictor variable (P > 0.05). Peroxidases use H2O2 as a co-substrate to polymerize phenolics and monolignols, which serve to 324 scavenge H2O2 (Tenhaken, 2014) . The extent to which the HWA-mediated increase in POX 325 activity, cell wall-bound phenolic, and lignin accumulation is an antioxidant response to H2O2 326 accumulation or an SA-linked anti-herbivore response remains to be determined. We also found, 327
however, that certain defensive traits were not strictly regulated by one induction treatment or 328 the other, and these responses appeared to be additive rather than antagonistic (i.e., CHI activity 329 and soluble phenolics). One defensive trait (methanol-soluble terpene content) was not 330 influenced by either treatment, though this is not necessarily surprising as it has been shown that 331 conifers may not accumulate foliar terpenes following herbivore attack (e.g., Litvak & Monson, 332 1998) . Additionally, the use of methanol to extract terpenes, as per this assay method (Ghorai et 
